Among gap junction-encoding genes, the loss of connexin (Cx) 45 most profoundly obstructs embryogenesis through an endocardial cushion defect and conduction block. However, the interdependence of these defects is not known, and the details of conduction block have not been elucidated. Here, we examined mouse embryos with a region-specific deletion of Cx45 in the myocardium (CA-Cre; Cx45 flox/flox ) or endothelium (Tie2-Cre;
Introduction
Gap junctions are intercellular channels that are permeable to molecules smaller than approximately 1 kDa. In mice and humans, approximately 20 connexin (Cx) isoforms constitute gap junction channels through which cells communicate to maintain homeostasis, such as that required for proper organogenesis and coordinated excitation between neurons (Nishii et al., 2014) . Among Cxs, Cx45 gap junction channels have unique characteristics of low unitary conductance, strong voltage dependence, selective permeability, and pH sensitivity (Barrio et al., 1997; Elfgang et al., 1995; Moreno et al., 1995; Peracchia, 2004; Veenstra et al., 1994) . In the early heart, slow conduction is required for peristaltic contractions. Based on its localization within the mature conduction system and pervasiveness in the early heart, Cx45 expression is presumed to be involved in slow impulse propagation between cardiac myocytes (CMs) (Alcoléa et al., 1999; Giovannone et al., 2012; Jansen et al., 2010; Kumai et al., 2000) . Significant delays in conduction are observed in artificial Cx43-deficient (Cx43 −/− ) ventricular myocyte strands that have Cx45 as the only functional gap junction protein (Beauchamp et al., 2004; Beauchamp et al., 2012) . Cx45 can form heteromeric or heterotypic channels with other Cxs, and this diversity confers a range of channel properties (Gemel et al., 2008; Martinez et al., 2002; Rackauskas et al., 2007a; Rackauskas et al., 2007b) . In the adult heart, a twofold increase in Cx45 expression alters the permeability of ventricular CM, thereby increasing susceptibility to ventricular tachyarrhythmias (Betsuyaku et al., 2006) . In contrast, Cx45 deletion in adult CMs reduces conductivity in the atrioventricular (AV) node, where Cx30.2 is also downregulated (Frank et al., 2012) . In individual subsets of CMs, Cx45 is usually coexpressed with one or more of Cx30, Cx30.2, Cx40, Cx43, and Cx46 (Bao et al., 2011; Chi et al., 2010; Giovannone et al., 2012; Gros et al., 2010; Jansen et al., 2010; Johnson et al., 2002; Kreuzberg et al., 2005; Kreuzberg et al., 2006) . Thus, the in vivo function of Cx45 depends on its Cx partners and the region of expression. The coexpression of Cx43 and Cx45 is probably most prevalent in the developing embryo; it is initially detected at compaction, which is the first evidence of the junctional complex, at the 8-cell stage, and then later in other organs at varying levels and stoichiometry (Nishii et al., in press; Nishii et al., 2001) . The defects in Cx45-deficient (Cx45 −/− ) embryos may therefore be mitigated by compensatory expression of Cx43.
The cardiovascular system is a closed circuit in which cardiac development and vascular development occur interdependently. Primitive CMs start beating at the 3-somite stage on embryonic day (E) 8.25 (Nishii and Shibata, 2006) . Unidirectional blood flow through the AV canal is established around the 20-somite stage at E9.25 and is correlated with the development of the valvular endocardial cushion arising from the epithelial-mesenchymal transformation (EMT) of the endocardial endothelium. At this stage, Cx45 is the only Cx detected in CMs (Alcoléa et al., 1999) , and Cx45 −/− embryos fail to develop past this point owing to defects in cardiac cushion formation, AV conduction, and vasculogenesis (Krüger et al., 2000; Kumai et al., 2000) . Nuclear factor of activated T-cells cytoplasmic (NFATc)1 translocates into the nucleus upon sustained elevation of [Ca 2 + ] i (Hogan et al., 2003) . It was first discovered in T lymphocytes as one of four isoforms (NFATc1/2/3/4), but broader roles have been found in its regulation of the production of a large number of growth factors, cytokines, and cell-cell interaction molecules essential for the morphogenesis and functional development of many cell types and organs (Wu et al., 2007) . In Cx45 −/− embryos, NFATc1 remains inactive within the endocardium, and TGF-β signaling is downregulated throughout the cardiovascular system. Cx45 mediates the transfer of Ca 2+ and inositol-1,4,5-trisphosphate, which may be required for NFATc1 activation within the endocardium (Hogan et al., 2003) . NFATc1-deficient (NFATc1 −/− ) mice show defects in valvular morphogenesis (de la Pompa et al., 1998; Ranger et al., 1998) . Because NFATc1 is inactivated in the endocardium in Cx45 −/− , the cushion defect has been assumed to be of endocardial origin (Nishii et al., 2001 ). However, during E8.5-10.5, EMT is normal in NFATc1 −/− , whereas it is completely disrupted by the loss of Cx45 (Chang et al., 2004; Kumai et al., 2000) . The endocardial cushion is thought to be formed by interactions between the myocardium and endocardium (Combs and Yutzey, 2009a; de Vlaming et al., 2012; Kirby, 2002; Kruithof et al., 2012; Nishii et al., 2001) . Myocardial vascular endothelial growth factor (VEGF) activates endocardial NFATc1 (Combs and Yutzey, 2009b) and is critical for cardiovascular development. However, VEGF overexpression has adverse effects on cushion formation (Combs and Yutzey, 2009b; Dor et al., 2001; Miquerol et al., 2000) . These findings imply that any myocardial dysfunction in early cardiogenesis can cause EMT defects. We have previously reported that mice deficient in cardiac troponin T (cTnT −/− ), whose expression is confined to thin filaments in CMs, where it regulates Ca 2+ sensitivity, die at approximately the same stage (E10.5) because of the absence of a heartbeat (Nishii et al., 2008) . Thus, cTnT −/− hearts show cardiac cushion and EMT defects of myocardial origin (Bartman et al., 2004; Nishii et al., 2008) . In this study, the role of Cx45 was independently analyzed in the myocardium and endothelium. A novel image-processing method is described, in which myocardial function can be calculated through pointtracking in video recordings of embryonic heart contractions. These analyses revealed that Cx45, and not Cx43, is essential for impulse propagation within early embryonic CMs. Many other abnormalities within the Cx45 −/− embryo are probably of myocardial origin.
Results

Region-specific deletion of Cx45 reveals its essential role in the myocardium
To examine the region-specific function of Cx45, mice with a "floxed" Cx45 locus were generated, in which the Cx45-coding exon was deleted in the presence of Cre recombinase and was replaced by nls-lacZ, which served as a reporter (Fig. S1) . Because all inner cell mass-derived embryonic tissues express Cx45 before E10.5, recombined cells in which Cre-mediated excision of Cx45 had occurred were marked by X-gal staining (Kumai et al., 2000) . Cx45 was deleted in the myocardium and endothelium in the cardiac α-actin (CA-Cre; Cx45 flox/flox ) and Tie2 (Tie2-Cre; Cx45 flox/flox ) promoter-driven Cre lines, respectively (Koni et al., 2001; Miwa et al., 2000) . CA-Cre; Cx45 flox/flox mice were obtained from crosses of CA-Cre; Cx45 +/flox males with Cx45 flox/flox females (Table 1) and were observed at the expected Mendelian ratio of 1/4 from E8.5 to E11.5 (P = 0.08; χ 2 -test). However, except for one embryo with severe conduction block, the hearts of all CA-Cre; Cx45 flox/flox mice stopped beating by E10.5
( , and X-gal staining of the heart revealed many X-gal-negative cells, distributed in a manner similar to that of colonies of myocardial clones (Figs. 1F-H, 2) (Meilhac et al., 2004) . In contrast, in serial sections, complete endothelial recombination in the AV canal was observed in Tie2-Cre; Cx45 flox/flox (Fig. 2D ), and these embryos reached adulthood.
EMT defects are related to the degree of myocardial dysfunction
As previously reported, Cx45 −/− embryos had an endocardial cushion defect caused by EMT failure ( Fig. 2A ) (Kumai et al., 2000) . Mesenchymal cells were rarely observed in the AV canal region, and the development of the myocardium was perturbed. Similar histological observations were made in Cx43 −/− Cx45 −/− embryos, although tissues in the compound mutants were generally more hypoplastic (Fig. 2B ). The amount of cushion mesenchyme in CA-Cre; Cx45 flox/flox embryos was variable, as were heart shape and myocardial wall thickness (Figs. 1, 2A, C). CA-Cre; Cx45 flox/flox hearts had most of the abnormalities of Cx45 −/− , but the degree of severity was milder. In contrast, there were no abnormalities in Tie2-Cre; Cx45 flox/flox embryos, which had an endocardial cushion originating from the endocardial endothelium (Fig. 2D) . Moreover, CA-Cre; Tie2-Cre; Cx45 flox/flox double transgenic mutants were very similar to CA-Cre; Cx45 flox/flox (Figs. 1P, 2A ). These results indicate that myocardial Cx45 is the sole factor involved in endocardial and myocardial development, and in CA-Cre; Cx45 flox/flox , defects were partially rescued by patchy expression of myocardial Cx45. Mice lacking cTnT, which encodes a thin filament protein regulating force-generating interactions with myosin heads, have no heartbeat at E10.5 and die as a result (Nishii et al., 2008) . Histologically, the cTnT −/− mice lacked an endocardial cushion, and their myocardium was blebbed and thin; they had the most severe histological abnormalities among the mutant strains examined in this study ( Fig. 2B ) (Nishii et al., 2008) . The phenotype of this strain demonstrates that defects in endocardial and myocardial development are a common outcome of myocardial dysfunction.
Subcellular localization of endocardial NFATc1 is regulated by Cx45
We previously reported that the Ca
2+ -dependent transcription factor NFATc1 is inactivated in the Cx45
−/− endocardium (Kumai et al., 2000) . To determine whether all lethal strains have inactive NFATc1, the subcellular localization of NFATc1 in the AV canal endocardium was assessed in the hearts of Cx45 −/− , CA-Cre; Cx45 flox/flox , Tie2-Cre; Cx45 flox/flox , and cTnT −/− mice at E9.5 (Fig. 3) . Within active cells, NFATc1 expression was more intense in the nucleus than in the cytoplasm. In Cx45 −/− mice, an inactive cytoplasmic pool of NFATc1 was detected. In contrast, active nuclear NFATc1 expression was observed in all other strains. Although the EMT defect was consistently observed, the developmental program that triggers NFATc1 activation was not disturbed in cTnT
, indicating that different developmental mechanisms were responsible for the EMT defects caused by the loss of Cx45 and cTnT.
Embryonic myocardial conduction depends on Cx45
To examine the mechanism of conduction block in detail, embryonic heart contractions were recorded immediately after dissection. Videos for WT and cTnT −/− mice are available elsewhere (Nishii et al., 2008; Nishii and Shibata, 2006) , whereas those of Cx45 Movies 1-8. CM array patterns were clearly discernible around E9.5. A Motion Analyzer program was used to trace 13 objective points in the heart for 10 s (Fig. 4A , Movie 6). Representative contraction patterns in high-quality videos were used in the analyses (Table 3) . CMs activated by an action potential rapidly contracted, exhibiting myocardial twitching ( Fig. 4B , Movie 7). The timing of contractions was represented in raster plots (Fig. 4C) ; in WT, they consisted of regular patterns, indicating that the order of impulse propagation was constant. The AV conduction block was observed in CA-Cre; Cx45 flox/flox , Cx45 −/− , and , points around the AV canal contracting independently of other CMs were observed (Fig. 4C) , consistent with the observation that Cx45 is the only Cx subtype in the AV canal CMs (Nishii et al., 2001 ).
Conduction delay occurs in Cx45
−/− but not in CA-Cre; Cx45
Isochronal maps representing the spatiotemporal distribution of impulse propagation were generated from regular patterns detected in the raster plots (Fig. 5) . In WT hearts at E9.5, the conduction time from the base to the apex region was approximately 0.2 s. In Cx45 −/− and Cx43 −/− Cx45 −/− hearts, longer delays were observed in the AV canal, although the atrial delay also tended to be longer and ventricles showed normal delay times across genotypes. It is likely that the presence of Xgal-negative CMs prevented conduction delay from occurring in CA-Cre; Cx45 flox/flox (Figs. 1, 2, 5). Heart rate did not differ across genotypes (Fig. 6) . Even under the condition where the AV conduction block was excluded from the raster plot analysis, Cx45 was found to be essential for AV canal conduction.
A cardiac output defect underlies the lethality in Cx45 mutants
Two-dimensional coordinates from the motion analysis were used to estimate atrial and ventricular volumes based on the assumption that the heart is tubular at E9.5 (Fig. 7) . In this simulation, the atrium and ventricle contracted regularly in WT, Cx43 , and
, the interrelationship between the atrium and ventricle was significantly disrupted; contractions in atrial CMs (blue dots in Fig. 7B) were not necessarily indicative of subsequent atrial contractions, and ventricular contractions were frequently associated with severe atrial dilations (arrows in Fig. 7B ). In this disturbed condition, an output was presumed to be insufficient to support further embryonic development.
A placental defect is associated with lethality
Cx45 reporter expression in the placenta was confined to the chorionic plate (Fig. S3) . However, Cx45 −/− embryos have numerous vascular abnormalities, including a placental defect wherein labyrinthine capillary formation is defective (Krüger et al., 2000) . To determine whether the cardiac output defect was a cause of placental abnormalities, placental histology in CA-Cre; Cx45
, and cTnT −/− mice at E10.5 was compared (Fig. 8) . By approximately E10.5, allantoic vessels were seen piercing the chorionic plate, and the ectoplacental plate had transformed into the labyrinthine placenta (Kaufman, 1992) . Cx45 −/− placentae showed defective capillary formation. Capillaries on the embryonic side were shrunken, rarely contained blood cells, and were undergoing absorption by trophoblasts. Arborization within the labyrinth was almost normal in CA-Cre; Cx45 flox/flox , but clotting within embryonic capillaries and their frequent collapse were detected. cTnT −/− embryos showed the most severe placental defects, including fewer embryonic capillaries in a thinner labyrinth, where trophoblasts with inclusion bodies were deteriorating. In summary, lethal strains showed varying degrees of placental defects, which worsened in proportion to the severity of heart defects. 
Discussion
The findings of this study demonstrate that impulse propagation by Cx45 is essential for complete cardiovascular development. We previously reported that the abnormalities observed in Cx45 −/− are similarly observed in CA-Cre; Cx45 flox/flox embryos, except for the cushion defect (Nishii et al., 2003) . The present study adds further details and insight into the mechanisms underlying the cardiovascular defects using numerous mutant strains and also a novel technique. Video motion analysis clearly indicated that Cx45 was required for impulse propagation in the early heart. We found that heterogeneous deletion in the myocardium of CA-Cre; Cx45 flox/flox embryos alleviated the defect in impulse , and patchy X-galnegative areas were present in the myocardium in CA-Cre; Cx45 +/flox . In Cx45 −/− , the atrium was consistently located in the lower dorsal region of the heart, and the endocardial cushion was absent. The morphological abnormalities observed in CA-Cre; Cx45 flox/flox hearts were heterogeneous; in one specimen, there were only a few endocardial cushion mesenchymal cells but cardiac jelly was present (asterisks); in another specimen, many cushion mesenchymal cells were found in the mis-oriented AV canal (arrows). The hearts of double transgenic CA-Cre; Tie2-Cre; Cx45 flox/flox were similar to those of CA-Cre; Cx45
, with a few X-gal-positive cushion mesenchymal cells (arrows). (B) Semi-thin sections of the AV canal (upper row) and primitive ventricle (lower row) stained with toluidine blue. The rapidly dividing, invaginating endothelium constituted a thick endothelial layer in Cx45 flox/flox . In the CA-Cre; Cx45 flox/flox heart, the endocardium and myocardium were both slightly hypoplastic. The heart in Cx43 −/− Cx45 −/− showed a cushion defect and thin myocardium, with many degenerating CMs. The endocardial cushion was absent in the cTnT −/− heart. (C) Sagittal X-gal-stained sections of the heart in Cx45 +/− and CA-Cre; Cx45 propagation. This finding is consistent with the observation that CA-Cre; Cx45 flox/flox embryos showed a spectrum of histological abnormalities (including those in endocardial cushion formation) from those comparable to the WT to those phenocopying Cx45
. There is essentially no cushion mesenchyme in the Cx45 −/− heart (Kumai et al., 2000) . Although the hearts of CA-Cre; Cx45 flox/flox showed some cushion mesenchyme in a previous study (Nishii et al., 2003) , in the present study, the amount was much less than that of the wild-type heart. Thus, the findings in the present study contradicts the previous hypothesis that endothelial expression of Cx45 is important for synchronized activation of NFATc1 (Nishii et al., 2001) , because cushion development and synchronized activation of NFATc1 were normal in Tie2-Cre; Cx45 flox/flox .
Further investigation, however, is necessary to elucidate the molecular pathway requiring Cx45 for proper EMT.
Video motion analysis reveals unique characteristics of embryonic heart function
Six Cxs have been identified in CMs: Cx30, Cx30.2, Cx40, Cx43, Cx45, and Cx46 (Chi et al., 2010; Giovannone et al., 2012; Gros et al., 2010; Jansen et al., 2010) . Among them, Cx40, Cx43, and Cx45 have (Nishii and Shibata, 2006) , and the movement of each point was followed using Motion Analyzer software. Point B was the base region; A2 and A4 were set at the canal entrance; M was the midpoint; V1 and V4 were set at the canal terminus; and AP was the apex. Other points were set to efficiently delineate the heart contour. A representative result from the point-tracking analysis is shown in Movie 6. a, atrium; v, ventricle; o, outflow. (B) A representative graph of the normalized velocity of a tracked point. When activated, myocytes at a particular point showed twitching, which was detected by a rapid increase in velocity (marked by dots) and by video observation at high magnification (Movie 7). σ, standard deviation. Scale bar = 1 s. (C) Raster plots of the timing of twitching, which was determined following the procedure in (B). , labeled "no repeat"). cTnT −/− showed no contractions and was therefore ineligible for the analysis.
overlapping expression patterns during early embryogenesis (Nishii et al., 2001 ), which may partially or completely compensate for the loss of Cx45. When the heart starts beating at E8.25, only Cx45 is detected in the myocardium (Alcoléa et al., 1999; Kumai et al., 2000) . At E9.5 and later, weak expression of Cx40 in the atrium and left ventricle and weak Cx43 expression in the entire ventricle is observed, whereas Cx45 is still present throughout the myocardium (Nishii et al., 2001 ). Thus, low levels of Cx40 and Cx43 may support initial contractions in Cx45 −/− hearts: Cx40 in the atrium, and both Cx40 and Cx43 in the ventricle. In this study, careful dissection leaving most embryonic tissues intact (Nishii and Shibata, 2006) enabled the immediate recording of , another map showing retrograde conduction was deduced from the data of Fig. 4C (enclosed by a blue line) . (B) Delays within the atrium (a, corresponding to points B and A1-4 in Fig. 4A ), AV canal (avc, corresponding to points A2, A4, M, V1, V4 in Fig. 4A ), and ventricle (v, corresponding to points V1-6 and AP in Fig. 4A ). Cx45
−/− and Cx43 −/− Cx45 −/− hearts showed two-to threefold longer delays in the AV canal than the WT. ***P b 0.001; **P b 0.01; *P b 0.05.
stable heartbeats for several minutes, and the transparency of embryonic hearts allowed the propagation of CM contractions to be traced (Supplementary Movies 1-8). In contrast to optical mapping Rothenberg et al., 2004) , the point-tracking method did not require dissection of the heart for molecular probes to be loaded into CMs. The simple experimental setting was beneficial for preventing artificial modifications in CM contraction patterns. Although the coexpression of Cx43 and Cx45 has suggested some functional complementarity, the role of Cx43 in early embryogenesis was unclear because the lack of Cx43 added no distinct developmental abnormalities in comparison with the WT or Cx45 (Fig. 4 ) (Alcoléa et al., 1999; Delorme et al., 1997; Kumai et al., 2000; Nishii et al., 2001 ). The present study provides the first direct evidence of Cx45 as a major regulator of embryonic AV canal conduction (Figs. 4 and 5). Scarce, small, and punctate gap junctions mediate the slow conduction required for early peristaltic contractions (Navaratnam et al., 1986) . In the Cx45 −/− heart, Cx37, Cx40, and Cx43 transcript levels were equivalent to those of WT (Kumai et al., 2000) . Despite the difficulty in identifying gap junctions in early CMs, whether other cardiac Cxs, namely, Cx30, Cx30.2, Cx40, and Cx46, provide functional compensation in Cx45 −/− and Cx43 −/− Cx45 −/− hearts should be examined in the future.
There are two hypothetical alternative mechanisms for coordinating cellular excitation without gap junctional communication. First, mechanosensory transduction through transient receptor potential (TRP) channels in response to stretch in CMs might open nonselective TRP cation channels (Friedrich et al., 2012; Patel et al., 2010) . The cytoskeleton of embryonic CMs is so immature that force loaded on the membrane may be sufficiently strong to trigger opening of the TRP cation channels of adjacent CM. Second, ephaptic conduction, in which field effects depolarize the membrane of neighboring cells, might be possible (Beauchamp et al., 2012; Hand and Griffith, 2010; Lin and Keener, 2010; Mori et al., 2008; Rhett et al., 2013) . This model assumes adjacent cells coupled through a narrow cleft space, with both cells having sufficient Na + channels facing the cleft. When one cell's inward current depolarizes its membrane, the potential within the cleft drops, depolarizing the membrane of the neighboring cell. Under certain conditions, this depolarization may be sufficient to induce an action potential. Although this hypothetical mechanism is being evaluated in adult CMs (Veeraraghavan et al., 2015) , embryonic CMs usually have loose connections with their neighbors, and their intercalated disks are immature (Kaufman and Navaratnam, 1981) . Moreover, the slow increase of Ca 2+ transients indicates that cation channels are not abundant in early embryonic CM (Nishii and Shibata, 2006) . Whether or not these mechanisms are responsible for CM contractions in Cx45 −/− and Cx43 −/− Cx45 −/− merits further investigation.
Embryonic vessel development is regulated by embryonic cardiac function
Embryos with cardiac abnormalities had concurrent placental defects (Fig. 8) . The collapse of Cx45 −/− embryonic vessels within the labyrinth would increase the pressure load to umbilical arteries and the caudal part of the dorsal aorta, to which these vessels are connected (Movie 8). Arterial pressure load could therefore be a factor contributing to regurgitation within Cx45 −/− hearts. The AV conduction block associated with the cushion defect also causes regurgitation, leading to the dilation of the venous system. Two key features of Cx45 −/− might be responsible for the previously described vascular defects (Krüger et al., 2000) : the strong flow generated by vigorously beating ventricles and the absence of valvular function, the latter causing flow to the venous and arterial sides. These features are absent in other cardiogenic mutants, including cTnT −/− , which may explain why their vascular dilations are more subtle than those of Cx45 −/− .
Molecular events triggering the EMT defect in Cx45
−/− Endocardial NFATc1 expression is essential for valvular development (de la Pompa et al., 1998; Ranger et al., 1998) . Although not required for EMT per se, it modulates both valve elongation and EMT (Wu et al., 2011) . NFATc1 activation and nuclear translocation are regulated by VEGF (Combs and Yutzey, 2009b) , and in turn, myocardial VEGF expression is modulated by NFATc2/3/4, which is essential for EMT (Chang et al., 2004) . Nuclear NFATc1 in the endocardium is therefore not an indicator of EMT but rather a marker for appropriate myocardial-endocardial interactions. Intercellular communication mediated by Cx45 within the endocardium is not a prerequisite for the activation of NFATc1, given that NFATc1 has been found to be active in Tie2-Cre; Cx45 flox/flox . In the present study, inactive NFATc1 was only observed in the Cx45 −/− heart, and it is noteworthy that NFATc1 was active in cTnT −/− (Fig. 3) . This finding indicates that deprivation of oxygen, nutrients, and shear stress is not sufficient to inactivate endocardial NFATc1. Numerous knockout studies have shown that disruption of myocardial TGFβ signaling underlies the cushion defect (Arthur and Bamforth, 2011; Kruithof et al., 2012) . TGFβ1 and TGFβ receptor 2 were both expressed normally at E8.5 and subsequently downregulated at E9.5 in the Cx45 −/− myocardium (Krüger et al., 2000) . Some of the open questions currently under investigation are whether a lower TGFβ level is linked through a specific pathway to the loss of Cx45 gap junctions or can cause NFATc1 inactivation in the endocardium, and whether myocardial NFAT signaling by NFATc2/3/4 is responsible for the cushion defect in Cx45 −/− .
EMT occurs through proper interactions between the myocardium and endocardium. Cx45 −/− hearts showed AV conduction block and defective EMT, and NFATc1 in the endocardium was inactive. CA-Cre; Cx45 flox/flox hearts showed milder AV conduction block and EMT defect, and NFATc1 was active. Tie2-Cre; Cx45 flox/flox hearts showed neither defect, and NFATc1 was active. Therefore, lack of intercellular communication within the myocardium appears to be responsible for all of the defects. Because of the heterogeneous deletion in the CA-Cre; Cx45 help to further elucidate early cardiogenesis and the pathogenesis of congenital heart diseases.
Experimental procedures
Mutant mice
Null Cx45 and cTnT alleles have been generated in earlier studies (Kumai et al., 2000; Nishii et al., 2008) . The null Cx43 allele and transgenic mouse lines in which Cre expression is driven by the CA or Tie2 promoter have been described elsewhere (Koni et al., 2001; Miwa et al., 2000; Reaume et al., 1995) . The transgenes were kept hemizygous. Mice were maintained by backcrossing with C57BL/6 mice. The contribution of C57BL/6 to the genetic composition of the mice used in this study was at least 65%, whereas that of 129/Sv and others was b29% and 7%, respectively. We did not observe any alteration in phenotype across generations. This study followed institutional guidelines for animal experiments.
Gene targeting
The strategy for generating Cx45 flox mice is presented in Fig. S1 (Nishii et al., 2003) . Two CCE (129/Sv origin) embryonic stem cell clones were isolated, of which one was successfully transmitted to the germline by chimera production. Cx45 flox/flox mice were healthy and fertile. A pair of phenotypically equivalent flox strains (types 1 and 2; Fig. S1 ) was used (Nishii et al., 2003) . For simplicity in gene structure, all data presented in this study are from type 2 mice (referred to as the flox allele).
Genotyping
After the germline transmission of the targeted Cx45 allele was confirmed by Southern blotting, Cx45 genotypes were determined by PCR using a mix of three primers with the following sequences: 5′-CTTGGC TTCCTTAATTACTTTA (p1), 5′-CTTCCCTACAAATGTCGAATG (p2), and 5′-AGGGGACGACGACAGTAT (p3) (Fig. S1 ). Amplification products were 0.57, 0.61, and 0.82 kb for the wild-type (WT), flox, and null alleles, respectively. For the Cx43 locus, three primers (5′-AAACTGCCTTATTTTG ACTGACC, 5′-GGGCACAGACACGAATATGAT, and 5′-CCGGATCAAGCG TATGC) were used to distinguish the 0.52 kb Cx43 null allele and the 0.39 kb WT allele. Cre transgenes were detected using the following four-primer mix: 5′-GCGGCATGGTGCAAGTTGAAT and 5′-CCAGAGAC GGAAATCCATCGCTCGAC amplifying the 0.53 kb Cre fragment, and 5′-GTCATGTCGGCGTCTGTGGTGTCC and 5′-CATTTCTGAGCCTGCTTCCTGG AT amplifying the 0.36 kb Dad1 genomic region (Nishii et al., 1999) . The genotyping for cTnT was conducted according to a previously reported protocol (Nishii et al., 2008) .
Preparation of embryos and point-tracking analysis
Embryo preparation and video recording followed previously described protocols (Nishii and Shibata, 2006) . In brief, the uterine horns were exteriorized, and only one decidual swelling was removed at a time, such that the circulation in the embryos could be maintained until the experiment. The embryos were dissected in M2 medium on a thermal plate at 37°C. In this condition, the embryonic hearts remained beating for at least 30 min. Video recordings used for motion analysis were obtained from the left side, because this angle was suitable for observing contractions from the atrium to the ventricle. Accordingly, contractions of the outflow tract and motion analysis of this region were not described in the data. Recorded movies were imported into Motion Analyzer (Keyence, Elmwood Park, NJ, USA), which was used to trace specific moving patterns in the movie. Coordinates were processed in Excel (Microsoft, Silicon Valley, CA, USA) and Origin (OriginLab, Northampton, MA, USA) to derive raster plots, isochronal maps, and volume estimations.
Histological examination
Samples were fixed and processed as previously described (Kumai et al., 2000) .
Statistical analysis
All quantitative data are presented as the mean ± standard deviation. Unless stated otherwise, statistical significance was evaluated using one-way ANOVA with Bonferroni's post hoc test. P b 0.05 was considered statistically significant.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.02.003. , numerous embryonic capillaries were also observed; however, they showed clotting (arrowheads) and frequent collapse (asterisk). In Cx45
−/−
, there were few embryonic capillaries and only occasional blood cells (arrows), in addition to evidence of clotting (arrowhead); cTnT −/− had the fewest capillaries, and trophoblasts were observed to be degenerating.
(B) Schematic summary of placental morphology at E10.5. The collapse of embryonic capillaries occurred in proportion to the severity of heart defects. M, maternal blood vessels; Scale bar = 50 μm.
